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The Laser Processing Consortium (LPC) proposes to
build a UV FEL at the Continuous Electron Beam Ac-
celerator Facility (CEBAF) (see these proceedings, G. Neil
et al.). The initial experiment is to provide I kW of average
power. The electron beam will have an energy of y =
200 MeV, a peak current of I = 270 A, a pulse length of
0.2 ps, and an eittance of 8-147r mm mrad. The output
wavelength A = 204 nm, using a linear undulator with a
period of 3.3 cm and an undulator parameter of K = 0.95.
These operating parameters lead to an electron beam radius
of the order of the optical mode size. The performance of
this FEL is sensitive to the transverse motion of electrons
in the optical mode caused by betatron and external
focusing. Additionally longitudinal effects may be im-
portant as the electron pulse length is on the order of a few
slippage distances.
A 4D FEL simulation uses FEL theory based on a
self-consistent solution to the coupled Maxwell-Lorentz
equations describing the evolution of the optical pulse in a
FEL oscillator over many passes [I]. A diffraction operator
takes into the transverse optical mode effects in both the x
and directions as it is driven by an electron beam
experiencing focusing in the transverse direction. The
electron beam and optical pulse has finite dimensions in
the longitudinal direction. The interaction is followed as
the light propagates in a resonator configuration that
accounts for losses and output coupling. Dimensionless
parameters [I] are used to simplify the description of the
physical interaction.
In Fig. 1, the results of a 4D FEL simulation shows the
optical pulse shape a(z, n)| after 100 passes in steady state
saturation.
The transverse optical wavefront a(x, y)| at the center of
the optical pulse at exiting the undulator is shown in the
far right diagram. The transverse density of the electron
beam driving the wavefront is superimposed in gray for
comparison. The center diagram shows the optical power
spectrum P(, n) evolution, with the final linewidth of
AAIA = -zW(2'rrN) = 0.5%. The middle diagams show
the evolution of the optical pulse from pass n = I to 100.
The bottom left diagram is the longitudinal profile of the
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current density j(z + ), where the dimensionless time 
goes from 0 to I as the electron travels from the beginning
to the end of the undulator. The Rayleigh range scaled to
the undulator length is z, = 0.25. The output-coupling of
the mirrors is described by Q = 3 with a mirror edge loss
of e = 0.01. The electrons have a betatron frequency of
= I indicating one-sixth of a full period through the
N = 72 period undulator. The normalized emittance for this
simulation is go = II 7Tr mm-mrad. The electron beam
energy quality leads to a Gaussian spread in electron phase
velocity of o = 1.3 and the effect of the emittance of the
angular distribution leads to an exponential width of o =
2.2. The electron beam radius is o- = 0.4 in units of the
optical mode waist defined by N<LA/tr. The off-axis
electrons in the transverse v-direction cause a spread in
electron phase velocity of or. = 0.4. The weak-field, single-
mode gain spectrum is shown for comparison in the
bottom middle diagram with a peak gain of G = 0.135jF =
1, where F is the filling factor accounting for the overlap
of the electron beam with the optical mode. The dimen-
sionless optical power plot in the lower right is well into
saturation corresponding to an output power of approxi-
mately I kW. The output power increases by 25% as the
emittance is improved from 11 to 8 r mm-mrad. Increas-
ing the Rayleigh range from z,, = 0.25 to z, = 0.75 leads to
a 20% decrease in output power. Large desynchronism is
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Fig. 1. 4D FEL showing the optical pulse after 100 passes.
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necessary for the pulse to counter lethargy in the steady
state. In the longitudinal direction, the electron beam pulse
length is o- = 4, as measured in units of the slippage
distance NA. High output coupling causes lethargy to
become important and the FEL operates at a high value of
desynchronism, d = 0.05 in units of the slippage distance.
For higher Q and lower emittance, the optical mode can
result in higher operating powers, trapped particle instabili-
ty and optical sidebands, broadening the optical spectrum.
The effect of the output power on changing the Q is small
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by increasing the output coupling suggests that a low Q is
desirable to reduce power density at the mirrors.
The electron beam radius can be changed with constant
emittance to optimize the interaction. The electron beam is
chosen with betatron focusing in the y direction and
external focusing in x direction. With constant emittance,
increasing the electron beam size decreases the angular
spread. The gain as a function of the electron beam radius
peaks at a = 0.3-04 at the Rayleigh range of z, = 0.25-
0.5 and = 11 r mm-mrad. A smaller radius beam with
higher angular spread leads to a broad spread in phase
velocities, decreasing the gain. For a larger radius beam,
poor overlap between the electron beam and optical mode
reduces the gain. As the emittance increases, the peak gain
occurs at higher electron beam radii.
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Fig. 2. Trend for increasing cr..
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